Inhibition of phosphodiesterase-4 (PDE4), an enzyme that catalyzes the hydrolysis of cyclic AMP (cAMP), increases phosphorylation of the cAMP response element binding protein (pCREB) and hippocampal neurogenesis, and produces antidepressant-like effects on behavior; however, causal links among these actions have not been established. In this study, chronic administration of rolipram (0.31-1.25 mg/kg, 16-23 days) produced antidepressant-and anxiolytic-like effects on behavior in mice. It also increased cAMP and pCREB levels in the hippocampus and prefrontal cortex, but increased Sox2, a marker for mitotic progenitor cells, only in the hippocampus. Chronic rolipram treatment also increased hippocampal neurogenesis, as evidenced by increased bromodeoxyuridine (BrdU)-positive cells in the hippocampal dentate gyrus. Methylazoxymethanol (MAM), which is toxic to proliferating cells, reversed rolipram-induced increases in BrdU-positive cells and pCREB in the hippocampus and partially blocked its behavioral effects. Approximately 84% of BrdUpositive cells became newborn neurons, 93% of which co-expressed pCREB; these proportions were not altered by rolipram or MAM, either alone or in combination. Finally, 3 weeks after the end of the MAM treatment, when neurogenesis was no longer inhibited, rolipram again increased hippocampal pCREB and its antidepressant-and anxiolytic-like effects were restored. Overall, these results suggest that rolipram produces its effects on behavior in a manner that at least partially depends on its neurogenic action in the hippocampus, targeting mitotic progenitor cells rather than newborn or mature neurons; cAMP/CREB signaling in hippocampal newborn neurons is critical for neurogenesis and contributes to the behavioral effects of rolipram.
INTRODUCTION
Hippocampal neurogenesis is the process of generating new neurons in the dentate gyrus (Duman et al, 2001; Emsley et al, 2005; Gage 2000; Gould et al, 1999; Van Praag et al, 2002) . Specifically, progenitor cells residing in the subgranular zone (SGZ) of the dentate gyrus proliferate to form postmitotic daughter cells, which migrate into the granular cell layer and mature into neurons and other cell types.
Neurogenesis is not only an important source of new neurons in the adult mammalian brain, but also an extremely dynamic process that can be up-or downregulated by a variety of pharmacological, environmental, and endocrinogical factors (Bruel-Jungerman et al, 2007; Dranovsky and Hen 2006; Duman et al, 2001; Eisch et al, 2000; Schmidt and Duman 2007) . Hippocampal neurogenesis has been shown to be required for antidepressant-like behavior in some circumstances (Santarelli et al, 2003) ; however, some behavioral effects of certain antidepressants appear to be neurogenesis-independent (Holick et al, 2008) .
Phosphodiesterase-4 (PDE4), an enzyme that catalyzes the hydrolysis of cyclic AMP (cAMP) and plays a critical role in the control of its intracellular levels, has been implicated in antidepressant activity and memory. Administration of rolipram, a prototypic, selective PDE4 inhibitor, increases cAMP signaling and produces a variety of behavioral actions, including antidepressant-like (O'Donnell and Frith 1999; Zhang, 2009; Zhang et al, 2002 Zhang et al, , 2006 and memory-enhancing effects in rodents (Barad et al, 1998; Zhang et al, , 2004 Zhang et al, , 2005 , which are associated with the increased phosphorylation of cAMP response element binding protein (pCREB) in the hippocampus (Blendy 2006; Monti et al, 2006; Sairanen et al, 2007) . Chronic, but not acute, treatment with rolipram also increases hippocampal neurogenesis, as evidenced by an increased cell proliferation and survival of newborn neurons in the dentate gyrus (Nakagawa et al, 2002a, b; Sasaki et al, 2007) ; this effect is accompanied by the activation of CREB (Fujioka et al, 2004; Nakagawa et al, 2002b; Nibuya et al, 1996; Zhu et al, 2004) . However, it has been reported that mice deficient in CREB or expressing dominant negative CREB display antidepressant-like effects on behavior and increased hippocampal neurogenesis (Gur et al, 2007; Newton et al, 2002) . Further studies need to be carried out to clarify these unexpected effects.
Compared with the role of PDE4 in antidepressant activity and memory, little is known about the regulation of PDE4 in anxiety. It has been reported in a preliminary study that acute treatment with rolipram produces an anxiolytic-like effect on behavior in rats (Silvestre et al, 1999a) . However, anxiogenic-like behavior induced by PDE4 inhibitors including rolipram has been reported (Heaslip and Evans 1995; Imaizumi et al, 1994) . Given that mice deficient in CREB display an anxiety-like effect on behavior (Gur et al, 2007) , rolipram may produce an anxiolytic-like effect.
Using tests sensitive to antidepressant and anxiolytic drugs, we determined the behavioral effects of chronic treatment with rolipram (0.31-1.25 mg/kg, 16-23 days). We also examined hippocampal neurogenesis and pCREB expression. In addition, we assessed whether increased neurogenesis was required for the behavioral effects of rolipram by co-administrating methylazoxymethanol (MAM), an antimitotic DNA-methylating agent that has been shown to reduce hippocampal neurogenesis (Johnston and Coyle 1979; Shors et al, 2001) .
MATERIALS AND METHODS

Animals
Male ICR mice (Harlan, Indianapolis, IN), initially weighing 21-23 g, were housed in a temperature-controlled room with a 12-h light-dark cycle (lights on from 0600-1800 hours). Animals had access to food and water ad libitum. All experiments were carried out according to the 'NIH Guide for the Care and Use of Laboratory Animals' (NIH Publications No. 80-23, revised 1996) . The procedures were approved by the Animal Care and Use Committee of West Virginia University Health Sciences Center.
Drugs
Rolipram, fluoxetine, diazepam, BrdU (bromodeoxyuridine) (Sigma-Aldrich, St Louis, MO), and MAM (Midwest Research Institute, Kansas City, MO) were dissolved in saline (for BrdU and MAM) or saline containing 5% dimethyl sulfoxide (DMSO). Injections were i.p. except for MAM (s.c.) at a volume of 10 ml/kg body weight.
For testing the effects of chronic drug treatment on behavior, rolipram (0.31, 0.62, 1.25 mg/kg), fluoxetine (10 mg/kg), diazepam (1 mg/kg), or vehicle was given once per day for 16-23 days. All the behavioral tests were performed 1 h after drug injections following the treatment schedules ( Figure 1 ). Figure 1 Schedules of drug treatments and tests. (a) Treatment schedule and test order for blockade of neurogenesis by MAM. BrdU was injected (i.p.) on days 10, 12, and 14. Behavioral tests were carried out on days 16-22 (1 h after the injection of rolipram or vehicle). (b) Treatment schedule and test order for recovery from MAM-induced inhibition of neurogenesis. BrdU was injected on days 24, 26, and 28 (ie, 10-14 days after MAM treatment termination). Behavioral tests were carried out on days 33-35. MAM or saline (s.c.) and rolipram or its vehicle (saline containing 5% DMSO; i.p.) were injected once per day for 14 days (ie, days 1-14), after which only rolipram and vehicle were continued until the end of the tests (day 23 or 37) when the animals were killed. OF, open-field; EPM, elevated-plus maze; FST, forced-swim test; NSF, novelty suppressed feeding; LTD, light-dark transition; HB, holeboard test; TST, tail-suspension test; SAC, sacrifice.
Behavioral Experiments
Three batches of mice were used for testing behavioral and neurochemical effects of rolipram, MAM with or without rolipram, and termination of MAM (eight to nine mice per group) following this sequence: open-field, elevated-plus maze, forced-swim, novelty suppressed feeding, light-dark transition, holeboard, and tail-suspension tests.
Open-field test. This test was performed as described previously with minor modifications (Zhang et al, 2008) . On days 16 and 19 (for two separate groups; see Results below), mice were placed individually in a white Plexiglas box (60 Â 60 Â 15 cm) with the floor divided into four identical squares. Line crossings (with all four paws placed into a new square) and rears (with both front paws raised from the floor) were recorded in a 5-min period.
Elevated plus-maze test. The mouse was placed in the center of the maze (40 cm above the floor) facing an enclosed arm. The number of entries into (with all four paws) and time spent in both open and enclosed arms (30 Â 5 cm and 30 Â 5 Â 15 cm high, respectively) were recorded for 5 min as described previously . The percentages of entries and time spent in open arms were calculated as open-arm entries and time divided by total arm entries and total time, respectively.
Light-dark transition test. Each mouse was placed in the dark compartment (15 Â 23 cm) of the light-dark chamber. The latency to cross through an opening (8 Â 6 cm) into the light compartment (30 Â 23 cm; illuminated with a 60-W bulb positioned 50 cm above), the time spent on the light side, and transitions (ie, the number of crossings from the dark to light compartments) were recorded for 5 min as described previously (Zhang et al, 2008) .
Holeboard test. Mice were placed individually in the center of an open Plexiglas box (40 Â 40 Â 30 cm), which had four holes (3 cm in diameter, 2 cm in depth) in the floor. The number of head-dips and the time spent in head-dipping were recorded for 5 min as described previously (Zhang et al, 2008) .
Forced-swim test. The test was carried out as described previously (Zhang et al, 2002) . Mice were placed individually in a plastic cylinder (45 cm high Â 20 cm diameter) filled with water (23-241C; 28 cm in depth), allowing for free swimming. The duration of immobility, which was defined as floating in an upright position without additional movement other than that necessary for the animal to keep its head above the water, was recorded during the last 4 min of the 6-min test period.
Tail-suspension test. Each mouse was suspended 40 cm above the floor using adhesive tape placed approximately 1 cm from the tip of the tail, as described previously (Zhang et al, 2002) . The duration of immobility was recorded for 6 min. Mice were considered immobile only when they hung motionless.
Novelty Suppressed Feeding. The test was performed as described previously (Santarelli et al, 2003) with minor modification. After 24 h of food deprivation, mice were individually placed in a corner of the white, plastic, open chamber (35 Â 28 Â 16 cm); the floor was covered by a 1-cm thick layer of wooden bedding; four pellets of food (regular chow) were placed in the center of the floor. The latency to begin to chew the pellets was recorded for up to 5 min.
Neurogenesis Blockade by MAM
This was performed as described previously (BruelJungerman et al, 2005; Shors et al, 2001 ) with some modifications. Mice were treated once daily with (1) vehicle (5% DMSO) + saline, (2) vehicle + MAM (5 mg/kg; chosen based on our preliminary study), (3) rolipram (1.25 mg/kg) + saline, or (4) rolipram + MAM. MAM treatment was terminated after 14 days, while rolipram continued to be administered throughout the behavioral testing and until animals were killed. For evaluation of neurogenesis, BrdU (100 mg/kg) was administered to four to five mice in each group on days 10, 12, and 14 ( Figure 1a ). Beginning from day 16, mice were tested for locomotor activity and anxiolytic-and antidepressant-like behaviors. On day 23, 1 h after the last rolipram injection, the mice were anesthetized with pentobarbital (100 mg/kg) and perfused transcardially with 4% paraformaldehyde. The brains were post-fixed with cold paraformaldehyde overnight and dehydrated with 30% sucrose before coronal sections (30 mm) using a freezing microtome. The remaining mice (4-5 mice/group) were decapitated and the hippocampi and prefrontal cortices dissected and stored at À801C for immunoblotting analysis or cAMP assay.
Recovery of Neurogenesis Following MAM Inhibition
The treatment assignment and strategy were the same as described above. BrdU was given (also to one-half of the mice in each group) on days 24, 26, and 28 (ie, 10-14 days after the termination of MAM treatment; Figure 1b ). Behavioral tests were performed on days 33-35. On day 37, BrdU-treated mice were killed for neurogenesis analysis, whereas the remaining mice were used for immunoblotting analysis.
Cyclic AMP Assay
The samples extracted by RIPA lysis buffer were diluted with 0.1 N HCl to a final protein concentration of 1 mg/ml. Cyclic AMP levels were determined by ELISA following the instructions provided by the company (Assay Designs, Ann Arbor, MI).
Immunoblotting Analyses
Brain tissues were sonicated in RIPA lysis buffer (Upstate, Temecula, CA) containing protease and phosphatase inhibitors (Pierce Biotechnology, Rockford, IL) and centrifuged at 16 000 Â g for 30 min. Samples (75 mg protein each) were separated using SDS-PAGE before transferring to nitrocellulose membranes, which were then incubated with rabbit anti-pCREB (Ser133), anti-CREB, anti-Sox2, or anti-b-actin antibodies (1 : 1000; Chemicon, Temecula, CA) at 4 1C overnight except for the anti-b-actin antibody, which was incubated for 60 min. The membranes were then incubated with Alexa Fluor 700 conjugated goat anti-rabbit antibody (1 : 20 000; Invitrogen, Eugene, OR) for 30 min. The detection and quantification of specific bands were carried out using a fluorescence scanner (Odyssey Infrared Imaging System, LI-COR Biotechnology, Lincoln, NE). For band stripping, the membranes were incubated with stripping buffer (Chemicon) for 15 min.
Immunohistochemical Analyses
This was performed as described previously (Nakagawa et al, 2002a, b; Fujioka et al, 2004) with minor modifications. For immunofluorescent staining of co-expression of pCREB and calbindin, a selective marker of mature neurons (Encinas et al, 2006) , free-floating sections were incubated in 0.01 M PBS containing 0.2% Triton X-100 and 5% normal goat serum (PBS-plus) for 60 min followed by primary antibodies rabbit anti-pCREB IgG (1 : 200; Chemicon) and mouse anti-calbindin IgG (1 : 50; GeneTex, San Antonio, TX) at 41C for 1 day. The sections were incubated with antimouse rhodamine Red-X (1 : 200) and anti-rabbit Cy5 (1 : 400; Jackson ImmunoResearch, West Grove, PA) in PBS for 2 h before mounting on slides using Vectashield (Vector Laboratories, Burlingame, CA).
For immunofluorescent staining of BrdU and its colocalization, free-floating brain sections were incubated in 2 Â SSC/50% formamide at 651C for 2 h, followed by 2 N HCl at 371C for 30 min and 0.1 M boric acid (pH 8.5) for 10 min before blocking with PBS-plus for 60 min. The sections were then incubated at 41C for 1 day with rat antiBrdU IgG, mouse anti-polysialic acid-neural cell adhesion molecule (PSA-NCAM, an immature neuron marker; Nakagawa et al, 2002a, b) IgM, rabbit anti-pCREB IgG (1 : 200), mouse anti-neuron-specific nuclear protein (NeuN) IgG (1 : 1000; Chemicon), or rabbit anti-S100b IgG (1 : 100; GeneTex, San Antonio, TX), followed by anti-rat FITC (1 : 200), anti-mouse rhodamine Red-X (1 : 200), and anti-rabbit Cy5 (1 : 400; Jackson ImmunoResearch) for 2 h before mounting with Vectashield (Vector Laboratories). Fluorescence analyses were performed using confocal laser microscopy (Zeiss LSM510, Thornwood, NY). To determine the percentage of newborn neurons labeled by PSA-NCAM in BrdU-labeled cells and examine pCREB in the newborn neurons (ie, cells labeled with both BrdU and PSA-NCAM), at least 50 BrdU-positive cells in the dentate gyrus were randomly identified from each animal. The number of cells in each category for each animal was determined.
The BrdU-positive cells were counted using a modified stereological protocol (Gould et al, 1999; Eisch et al, 2000; Nakagawa et al, 2002a, b; West et al, 1991; Malberg et al, 2000) . In brief, every ninth section throughout the entire hippocampus was processed for BrdU immunohistochemistry. All BrdU-labeled cells in the granular cell layer and hilus were counted through a Â 60 objective lens in order to distinguish individual cells and multiplied by 10, recording as the total number of labeled cells in the dentate gyrus.
Statistical Analyses
Data shown represent means±SEM; they were analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison tests. The r 2 values were calculated using linear regression.
RESULTS
Anxiolytic-Like Effects of Rolipram
To determine whether rolipram affected anxiety-associated behavior, we examined the performance of mice repeatedly treated with different doses of rolipram in tests sensitive to anxiolytic drugs. In the elevated plus-maze test, a wellestablished model to detect both anxiolytic-and axiogeniclike behavior, rolipram (0.31-1.25 mg/kg for 17 days) increased the percentages of both entries (F 4,36 ¼ 3.04; po0.05) into and time (F 4,35 ¼ 3.69; p ¼ 0.01) spent in the open arms; it was significant at the dose of 1.25 mg/kg for the former and at all the doses for the latter, compared with the vehicle control (po0.05; Figure 2a ). A similar effect was produced by the proven anxiolytic diazepam at 1 mg/kg for 17 days (po0.05 and po0.01 for the percentages of entries and time, respectively). Neither rolipram nor diazepam, at the doses used, altered the total arm entries or the total time spent in arm exploration (Table 1 ). In the light-dark transition test, another paradigm widely used for anxiolytic testing, rolipram (0.31-1.25 mg/kg for 20 days) decreased the latency to enter the light compartment (F 4,36 ¼ 4.41; po0.01) and increased the duration on the light side (F 4,36 ¼ 6.24; po0.001) in a dose-dependent manner; it was significant at the dose of 1.25 mg/kg (po0.05; Figure 2b ). Again, diazepam produced similar effects (po0.05). The anxiolytic-like effects of rolipram were further confirmed using the holeboard test. Similar to diazepam, the same doses of rolipram administered for 21 days increased the number of head-dips ( 
Antidepressant-Like Effect of Rolipram
Previous studies have shown that rolipram (0.5 mg/kg for 8 days) produces antidepressant-like behavior in the forcedswim test (FST) and tail-suspension test (TST) in a mixed background (C57 BL/6 Â 129 ola) of mice (Zhang et al, 2002 (Zhang et al, , 2008 . Given that antidepressant-like behavior has strain differences (Lucki et al, 2001) , it was necessary to determine whether rolipram produced an antidepressant-like effect in ICR mice using the current treatment strategy. Mice treated with rolipram or the proven antidepressant fluoxetine, a selective inhibitor of serotonin reuptake, were tested for the duration of immobility in the FST and TST. Chronic treatment with fluoxetine (10 mg/kg) decreased immobility of mice in both tests (po0.05; Figure 2d ). Similar effects were produced by rolipram at doses of 0.31-1.25 mg/kg for 18 days (FST; F 4,35 ¼ 5.36; po0.01) or 22 days (TST; F 4,36 ¼ 2.74; po0.05). Specifically, rolipram decreased immobility at all the doses in the FST (po0.01) and at the doses of 0.62 and 1.25 mg/kg in the TST (po0.05), indicating an antidepressant-like effect of rolipram on behavior under the present conditions.
Effects of Rolipram on cAMP, pCREB, and Sox2
The cAMP/CREB pathway has an important role in the mediation of antidepressant activity (D'Sa and Duman 2002) . Fluoxetine (10 mg/kg for 23 days) increased cAMP levels ( Figure 3a ) and pCREB expression (Figure 3c , d) in both the hippocampus (po0.05) and the prefrontal cortex (po0.01 for cAMP and po0.05 for pCREB), without altering CREB levels. Similarly, chronic treatment with rolipram (0.62-1.25 mg/kg for 23 days; doses chosen based on the behavioral results) also increased cAMP and pCREB in the hippocampus (F 3,15 ¼ 3.37; po0.05 and F 3,12 ¼ 5.55; p ¼ 0.01, respectively) and prefrontal cortex (F 3,13 ¼ 6.27; po0.01 and F 3,12 ¼ 5.21; po0.05, respectively); it was significant at a dose of 1.25 mg/kg. By contrast, rolipram did not alter CREB levels in either brain region (F 3,12 ¼ 0.32; p ¼ 0.81 for hippocampus and F 3,12 ¼ 0.43; p ¼ 0.73 for prefrontal cortex; Figure 3c and d). The effects of rolipram on cAMP and pCREB paralleled its anxiolytic-and antidepressant-like effects, suggesting that the cAMP/CREB cascade in the brain is important for the mediation of the behavioral effects of rolipram.
To determine the effects of drug treatment on neural progenitors, we examined the expression of Sox2, a transcription factor and an in vivo marker for mitotic neural progenitor cells (Encinas et al, 2006; Episkopou 2005; Graham et al, 2003; Masui et al, 2007; Bani-Yaghoub et al, 2006) , in the brain. Fluoxetine increased Sox2 levels in the hippocampus (po0.05), but not the prefrontal cortex ( Figure 3b ). Similarly, chronic treatment with rolipram (0.62-1.25 mg/kg for 23 days) increased Sox2 levels only in the hippocampus (F 3,12 ¼ 4.45; po0.05 in contrast to F 3,12 ¼ 0.40; p40.05 in the prefrontal cortex). These results suggest that rolipram increases progenitor cell proliferation in the hippocampus; the effect appears to be region-specific.
Effects of MAM Alone or in Combination with Rolipram on Body Weights and Locomotor Activity
The DNA-methylating agent MAM is used for inhibiting neurogenesis (Shors et al, 2001; Bruel-Jungerman et al, 2005) . To evaluate the potential, toxic effect of MAM, body weights of mice were monitored throughout the behavioral tests. Fourteen days after continuous administration of MAM (5 mg/kg) or rolipram (1.25 mg/kg), the body weights tended to be decreased, but were not statistically different from those in the vehicle controls. Combined treatment with both drugs led to a slower gain of body weight compared with the vehicle controls; this was significant during days 14-26 (Figure 4a ). Beginning from day 28 (ie, 14 days after termination of MAM), body weights recovered to the levels that were no longer significantly different from the controls. At higher doses (7.5 and 15 mg/kg), MAM alone significantly reduced the gain of body weights and led to some animal deaths (data not shown).
Locomotor activity was examined in mice treated with MAM and rolipram alone or in combination in the open-field test. The test was carried out twice by splitting the mice (16-18 per group) into two groups, which were tested on days 16 and 19, ie, 2 and 5 days, respectively, after the last injection of MAM. During this period, the combination of MAM and rolipram led to the slowest gain of body weights (Figure 4a ). However, none of the treatments, regardless of whether drugs were given alone or in combination, altered locomotor activity, as evidenced by unchanged crossings and rears in the open-field test after drug administration (day 16: F 3,27 ¼ 0.7; p40.05 for crossings and F 3,27 ¼ 0.16; po0.05 for rears; Figure 4b ; day19: F 3,28 ¼ 0.37; p40.05 for crossings and F 3,28 ¼ 0.08; p40.05 for rears; data not shown). These results suggest that chronic treatment with MAM and/or rolipram at the doses used does not affect the general health nor decrease overall motor activity in mice. Effects of MAM on Rolipram-Induced Anxiolytic-and Antidepressant-Like Behavior
Repeated treatment with rolipram (1.25 mg/kg plus saline for 17 days) produced anxiolytic-like effects in the elevatedplus maze test, as evidenced by increased percentages of entries into and time spent in the open arms compared with the corresponding control (vehicle + saline; po0.001; Figure 4c ). (Table 2) . Similarly, the anxiolytic-like effect of rolipram in the holeboard test also was attenuated by MAM (F 3,61 ¼ 6.69; po0.001; Figure 4d ). In the FST and TST, MAM alone did not decrease immobility significantly. However, it partially, but significantly, blocked rolipram- induced antidepressant-like effects, ie, decreased immobility in the FST (F 3,61 ¼ 13.33; po0.001; Figure 4e ) and TST (F 3,61 ¼ 8.00; po0.001; Figure 4f ). The mouse novelty suppressed feeding (NSF) test has been demonstrated to be sensitive to chronic antidepressant treatment (Santarelli et al, 2003) . MAM increased the latency to feed (F 3,30 ¼ 10.12; po0.0001; post hoc NewmanKeuls test, po0.001 vs vehicle + saline), whereas rolipram did not alter the latency (Figure 4g) . Nevertheless, the effect of MAM on latency was decreased to the control level in the presence of rolipram.
Effect of MAM on Hippocampal Neurogenesis in Mice Treated with Rolipram
To determine the effects of MAM and/or rolipram on hippocampal neurogenesis, mice were killed 13 days after the beginning of BrdU labeling. Cells in the hippocampal dentate gyrus labeled with BrdU were counted. BrdUpositive cells were predominantly localized in the SGZ and, to a much less extent, in the hilus (Figure 5a ). Rolipram (1.25 mg/kg for 23 days) increased, whereas MAM (5 mg/kg for 14 days) decreased the number of BrdU-positive cells in the dentate gyrus (F 3,13 ¼ 11.02; po0.001; Figure 5a and b). The rolipram-induced increase in BrdU-positive cells was reversed by co-administration of MAM (po0.05).
To examine the phenotypes of BrdU-positive cells in the dentate gyrus, BrdU staining was carried out 13 days after the first BrdU injection, during which time newborn cells develop differentiated phenotypes (Kempermann et al, 2003) ; double-labeling for BrdU and NeuN (a neuronal marker; Mullen et al, 1992) , or S100b (a glial marker; Boyes et al, 1986) was performed. Confocal microscopy showed that BrdU-positive cells colocalized with NeuN-or S100b-labeled cells (Figure 5c and d) , which consisted of 71 and 19% of BrdU-positive cells, respectively. Neither MAM nor rolipram altered the proportions of cells maturing into neurons or glia.
Newborn neurons start to be involved in the learning and memory processes when they are approximately 1-2 weeks of age (Shors et al, 2001; Bruel-Jungerman et al, 2005) ; they express PSA-NCAM approximately 2 weeks before maturing into granule neuronal cells (Encinas et al, 2006) . To determine the proportion of newborn neurons among BrdU-positive cells and the proportion of neurons expressing pCREB among newborn neurons, triple staining for BrdU, PSA-NCAM, and pCREB was performed 13 days after the first injection of BrdU. Approximately 84% of BrdUlabeled cells were newborn neurons, as evidenced by colocalization with PSA-NCAM ( Figure 5e and f) ; 93% of the BrdU-labeled newborn neurons co-expressed pCREB (Figure 5e and g ). These proportions were not affected by any of the treatments (F 3,12 ¼ 1.67; p40.05; Figure 5f and F 3,12 ¼ 0.25; p40.05; Figure 5g ), indicating that pCREB plays an important role in survival of newborn neurons, which appear not to be critical for the initial action of rolipram.
Effects of MAM on pCREB Levels in the Hippocampus and Prefrontal Cortex of Mice Treated with Rolipram
To determine the role of cAMP/CREB signaling in the effects of MAM and/or rolipram, we examined the expression of pCREB and CREB in the hippocampus and prefrontal cortex in mice repeatedly treated with each drug alone or in combination. One-way ANOVA revealed significant changes in the levels of pCREB among the treatment groups in the hippocampus (F 3,12 ¼ 14.71; po0.001; Figure 6a ) and prefrontal cortex (F 3,12 ¼ 15.76; po0.001; Figure 6b ). Compared with the control (vehicle + saline), rolipram (1.25 mg/kg for 23 days) increased pCREB levels in both the hippocampus (po0.01) and the prefrontal cortex (po0.001), whereas MAM (5 mg/kg for 14 days) decreased pCREB only in the hippocampus (po0.05). In addition, MAM reversed the rolipram-induced increase in pCREB in the hippocampus (po0.01; Figure 6a ), but not prefrontal cortex (Figure 6b ). Expression of CREB was not altered by any of the treatments (data not shown).
To explore the potential relationship between the changes in hippocampal neurogenesis and pCREB, the r 2 values were calculated using the same treatment groups (ie, MAM, MAM + Rol, and Rol). It was found that changes in pCREB levels in the hippocampus were highly correlated with those in BrdU-positive cells (r 2 ¼ 0.95). Interestingly, while mature neurons labeled by calbindin did not express pCREB in the hippocampal dentate gyrus (Figure 6c) , almost all the mature neurons in the prefrontal cortex co-expressed pCREB (Figure 6d ). These results suggest that the activation of CREB in the newborn neurons in the hippocampus is important in the mediation of hippocampal neurogenesis.
Recovery from MAM-Induced Changes in Hippocampal Neurogenesis, pCREB Expression, and Behavior
To verify the relationship among neurogenesis, pCREB, and behavioral alterations, the effects of MAM and rolipram alone or in combination on these measures were examined 19-23 days (BrdU was injected 10-14 days) after termination of MAM treatment ( Figure 1b) ; this interval allowed a recovery of neurogenesis from MAM-induced inhibition (Figure 7a and b vs Figure 5a and b). Twenty-three days after the last MAM injection, one-way ANOVA revealed overall significant changes in BrdU-positive cells among treatments (F 3,13 ¼ 10.96; po0.001). Repeated treatment with rolipram (1.25 mg/kg for 37 days) increased BrdUpositive cells in the dentate gyrus (po0.01), whereas MAM-treated mice no longer displayed a decrease in BrdU-positive cells, compared with the control (vehicle + saline); reversal by MAM of the rolipram-induced increase in BrdU-positive cells (Figure 5a and b) was not observed after the termination of MAM treatment (Figure 7a and b) , suggesting a recovery of hippocampal neurogenesis. In addition, expression of pCREB in the hippocampus also recovered from MAM inhibition in a similar pattern (F 3,12 ¼ 6.46; po0.01; Figure 7c) ; ie, rolipram again increased pCREB (po0.05). The rolipram-induced increase in pCREB in the prefrontal cortex was still not changed under this treatment condition (Figure 7d ). Expression of CREB was not changed by any of the treatments (Figure 7c and d) .
With the recovery from MAM-induced inhibition of neurogenesis and pCREB expression, anxiolytic-and antidepressant-like effects of rolipram on behavior were no longer attenuated by MAM, including the effects in the elevated plus-maze (entries%: F 3,30 ¼ 4.97; po0.01 and time%: F 3,30 ¼ 8.33; p ¼ 0.001; Figure 8a ), FST (F 3,30 ¼ 4.22; p ¼ 0.01), and TST (F 3,30 ¼ 4.29; p ¼ 0.01; Figure 8b ). Total arm activity was not changed in the elevated plus-maze test (Table 3) .
DISCUSSION
Chronic treatment with rolipram produced antidepressantand anxiolytic-like effects on behavior in mice. It also increased neurogenesis and levels of cAMP, pCREB, and Sox2 in the hippocampus. The effects of rolipram on hippocampal neurogenesis and pCREB were completely blocked and those on behavior markedly reduced by coadministration of MAM, which methylates DNA and inhibits neurogenesis (Shors et al, 2001) . The behavioral effects of rolipram were restored following the recovery from MAM-induced decreases in BrdU-positive cells and pCREB in the hippocampus. Overall, changes in hippocampal pCREB were highly correlated with neurogenesis and associated with antidepressant-and anxiolytic-like effects on behavior.
Hippocampal Neurogenesis and Anxiolytic-and Antidepressant-Like Behavior
It has been shown that cAMP/CREB signaling positively regulates anxiety-like behavior (Pandey et al, 2005; Wand 2005) . As a critical controller of this signaling pathway, PDE4 was anticipated to play a role in the behavioral effects regulated by cAMP signaling. We found that chronic treatment with rolipram produced anxiolytic-like effects on behavior; this is supported by an earlier study showing that acute treatment with rolipram produces an anxiolyticlike effect (Silvestre et al, 1999a) , although opposite results were reported in some other studies (Heaslip and Evans 1995; Imaizumi et al, 1994) . The discrepancy may be at least partially because of the sedative effect of PDE4 inhibitors administered acutely (Griebel et al, 1991; Silvestre et al, 1999b) , as sedation may be interpreted inappropriately as an anxiogenic-like effect in certain tests (Weiss et al, 1998) . However, this was not the case in this study. Although acute administration of rolipram (1 mg/kg) produces a sedative effect (Silvestre et al, 1999b; , repeated treatment with rolipram at 1.25 mg/kg did not alter locomotor activity in the open-field test nor change the total arm exploration, an index of general motor activity (Zhang et al, 2008) , in the elevated-plus maze test 1 h posttreatment, when anxiolytic behavior was assessed. The dissociation of anxiolytic-like and sedative effects indicates that, after repeated administration, animals may exhibit tolerance to the sedative effect of rolipram while sustaining sensitivity to its anxiolytic-like action. Although it is not known what caused the behavioral dissociation, a similar phenomenon has been observed after repeated benzodiazepine treatment, which produces a greater anxiolytic-like effect, but the sedative action is diminished, compared with that observed after acute administration (Bourin et al, 1992) . Unfortunately, the emetic effect of rolipram appears not to be reduced by repeated treatment, leading to the withdrawal of rolipram from drug development (Scott et al, 1991) . There is some reason for optimism given that some newly developed PDE4 inhibitors appear to produce therapeutic effects without emetic responses (Yamamoto et al, 2006) . The anxiolytic-like effects produced by chronic rolipram treatment were consistent among different tests sensitive to the proven anxiolytic diazepam. These results are in agreement with the downregulation of PDE4 induced by diazepam (Cherry et al, 2001 ) and nicotine (Polesskaya et al, 2007) ; the latter also exerts anxiolytic-and antidepressant-like effects (Biala and Budzynska 2006; Semba et al, 1998) . Although these two drugs most likely produce their behavioral effects by mechanisms other than the regulation of PDE4 activity, the potential contribution of their inhibitory role in PDE4 cannot be completely excluded.
The forced-swim and tail-suspension tests are wellestablished measures for evaluation of antidepressant drugs; both are highly reliable and have the highest rates of predictive validity for antidepressants. In addition, both tests also have been used to study the correlation of antidepressant-like behavior and neurogenesis (Catts et al, 2008; Thakker-Varia et al, 2007) . The forced-swim test has been demonstrated to be responsive to chronic, but not acute, treatment with rolipram (Zhang et al, 2002) . Consistent with our previous studies (Zhang et al, 2002 (Zhang et al, , 2008 , chronic administration of rolipram also produced antidepressant-like effects on FST and TST behavior; it also increased hippocampal neurogenesis. A relationship between antidepressant/anxiolytic and neurogenic effects was indicated by results from co-administration of MAM with rolipram. Inhibition of neurogenesis by MAM attenuated rolipram-induced antidepressant-and anxiolytic-like effects on behavior. The effect of MAM was not due to general toxicity, as MAM at 5 mg/kg decreased neither body weight nor locomotor activity. These results are consistent with the latest findings that, at doses of 1-5 mg/kg that reduce hippocampal neurogenesis, MAM does not affect general health nor reduce body weights in mice (Ko et al, 2009) . By contrast, MAM at higher doses (7.5 and 15 mg/kg) significantly decreased the gain of body weights and led to some animal deaths (data not shown); previous findings indicate that MAM at higher doses (7-14 mg/kg) decreases the gain of body weights and locomotor activity in rats (Dupret et al, 2005) .
The NSF test is a paradigm sensitive to anxiolytics and chronic antidepressants, which reduce feeding latency increased by a novel environment (Dulawa and Hen, 2005; Merali et al, 2003) . It has been used to study the link between neurogenesis and antidepressant activity (Santarelli et al, 2003) . Unexpectedly, rolipram administered chronically did not alter the latency in the NSF test. At least two possibilities may account for this. First, chronic rolipram treatment may inhibit food consumption to a certain extent, leading to unchanged feeding latency in the NSF. This might be true given that rolipram blocks clonidine-induced increase in food intake (Przegalinski and Jurkowska, 1987) . Second, the NSF test may not be suitable for evaluating novel antidepressants such as rolipram. Further studies are needed to clarify this.
Another surprising result with NSF was the increase in feeding latency produced by chronic treatment with MAM, whereas MAM did not produce behavioral effects in other tests. The effects of MAM on NSF behavior and neurogenesis differ from those in a previous study, in which decreases in hippocampal neurogenesis by X-irradiation did not alter NSF behavior (Santarelli et al, 2003) . Difference in the two approaches for reducing neurogenesis might play a role in this discrepancy. Nevertheless, the effect of MAM on NSF behavior was reversed by chronic treatment with rolipram. This appears to be consistent with the interactions between rolipram and MAM in the other behavioral tests. Therefore, the effect of MAM alone and the lack of an effect of rolipram alone on NSF suggest some dissociation between this test and the other behavioral tests.
When hippocampal neurogenesis recovered to control levels approximately 3 weeks after termination of MAM treatment, the behavioral effects of rolipram were restored. These results support the contribution of neurogenesis to the antidepressant-and anxiolytic-like effects of rolipram, which is consistent with the requirement of hippocampal neurogenesis for some behavioral effects of certain antidepressants (Santarelli et al, 2003) . It appears that the reduced number of new neurons present following MAM treatment may alter the neural systems on which rolipram acts to produce its effects on behavior.
Mice treated with MAM and rolipram in combination displayed a significantly slower gain of body weight relative to vehicle-treated controls. Although the reason for this is not clear, it did not appear to be because of overt toxicity as the animals had normal behavior in terms of general motor activity in the open-field test and total arm exploration in the elevated-plus maze test. It was noted that, although MAM significantly decreased hippocampal neurogenesis and completely blocked the neurogenic effect of rolipram, it did not produce effects opposite to the behavioral actions of rolipram nor completely block the anxiolytic-and antidepressant-like effects of rolipram. These results appear to be consistent with the finding that a decrease in neurogenesis is not necessary for the development of depression (Drew and Hen 2007; Reif et al, 2006; Vollmayr et al, 2003) , although increased hippocampal neurogenesis may be required for some aspects of antidepressant activity (Santarelli et al, 2003) . The results with the NSF test differed somewhat from the other behavioral tests in that MAM treatment did produce a depressive-or anxiety-like effect. Several reasons may account for the discrepant effects of MAM on hippocampal neurogenesis and behavior. First, other brain regions, such as the prefrontal cortex and amygdala that do not exhibit adult neurogenesis, also may contribute to the behavioral effects associated with PDE4-mediated cAMP/ CREB signaling (Banasr and Duman, 2007) . This is supported by the upregulation of PDE4 in the frontal cortex induced by learned helplessness, an animal model of depression (Itoh et al, 2003) . Second, neurogenesis-independent mechanisms may be involved in the behavioral effects of rolipram; these mechanisms may include rolipram-induced upregulation of brain-derived neurotrophic factor (Nibuya et al, 1996) and increases in dendritic branching (Fujioka et al, 2004) , which also are involved in the regulation of anxiety-and depression-associated behavior (Fujimaki et al, 2000; Vyas et al, 2002) . Strain differences also may play a role. For instance, the antidepressant-like effect of chronic fluoxetine treatment is dependent on its neurogenic effect in 129/Sv mice (Santarelli et al, 2003) , but not in BALB/cJ mice (Holick et al, 2008; Huang et al, 2008) . For these reasons, changes in hippocampal neurogenesis may not fully parallel changes in behavior.
Rolipram also produces a potent anti-inflammatory effect (Zhu et al, 2001 ). However, this appears not to be involved in the interaction with MAM in terms of behavioral and neurogenic effects, given that MAM does not induce inflammation, which usually occurs with irradiation-induced decreases in neurogenesis (Monje et al, 2002) .
Role of Hippocampal Progenitor Cells in Rolipram's Actions
Adult neurogenesis is characterized by DNA synthesis during the S phase of mitosis of dividing progenitor cells. In the mitotic phase of hippocampal progenitors, quiescent neural progenitors (QNPs) generate amplifying neural progenitors (ANPs) through asymmetric divisions (Encinas et al, 2006) . Fluoxetine increases the rate of symmetric divisions of ANPs and subsequently increases newborn neurons in the dentate gyrus (Encinas et al, 2006) . However, the type of cells that rolipram may target in the neuronal differentiation cascade has not been investigated. Similar to fluoxetine, rolipram, administered repeatedly at doses that increased pCREB and produced behavioral effects, increased expression of Sox2 in the hippocampus, a marker of neural progenitor cells (Episkopou, 2005; Graham et al, 2003) . By contrast, neither drug altered Sox2 expression in the prefrontal cortex, suggesting that rolipram increases neural progenitor cells in a brain region-specific manner.
Rolipram-induced proliferation of progenitor cells appears to be dominated by ANPs. First, Sox2 is only expressed in QNPs and ANPs and BrdU mainly labels ANPs (Encinas et al, 2006) . Second, chronic rolipram treatment increases cell proliferation, as evidenced by increased BrdU-labeled cells in the dentate gyrus 2 h after the BrdU injection (Nakagawa et al, 2002b) ; it increased Sox2 only in the hippocampus. Third, the unaltered proportion of newborn neurons in BrdU-positive cells or pCREB-expressing neurons in newborn neurons indicates that rolipram likely does not directly target the post-mitotic phase of progenitor cells. Thus, rolipram increases neurogenesis likely by originally targeting ANPs in the SGZ. This is supported by the unaltered phenotype of BrdU-positive cells after rolipram administration in the present and previous studies (Malberg et al, 2000; Nakagawa et al, 2002b) .
Relationship Among cAMP/CREB, Neurogenesis, and Behavior
The effect of rolipram on pCREB was blocked by MAM in a brain region-specific manner, in that it was observed in the hippocampus but not the prefrontal cortex; the blockade disappeared 3 weeks after termination of MAM treatment. The changes in pCREB followed the same pattern by those of BrdU-positive cells in the dentate gyrus; these effects were highly correlated. The correlation between CREB phosphorylation and hippocampal neurogenesis is supported by previous studies showing that pCREB is restricted to the dentate gyrus in adult mice (Nakagawa et al, 2002a; Thome et al, 2000) . By contrast, pCREB in newborn neurons in the dentate gyrus only partially contributed to the behavioral effects of rolipram.
It was interesting that almost all the BrdU-labeled, newborn neurons expressed pCREB, whereas mature neurons in the dentate gyrus labeled by calbindin, a selective marker of mature neurons (Encinas et al, 2006) , did not express pCREB. This appears to be supported by previous findings that NeuN-labeled cells (primarily mature neurons) express very low pCREB in the dentate gyrus (Sasaki et al, 2007) . By contrast, almost all mature neurons in the prefrontal cortex expressed pCREB, indicating that rolipram differentially affects CREB phosphorylation in the two brain regions. This and the different blocking effects of MAM on rolipram-induced increases in pCREB in the two regions support the brain region-specific profile of CREB function (Carlezon et al, 2005) .
In conclusion, the antidepressant-and anxiolytic-like effects of rolipram on behavior are accompanied with increased pCREB and neurogenesis in the hippocampus. Inhibition of neurogenesis with MAM also reduced the effect of rolipram on both pCREB and behavior. Thus, cAMP/CREB signaling in the hippocampus appears to be critical for hippocampal neurogenesis, which appears to play a role in the mediation of behavioral effects of chronic administration of rolipram; this process likely is mediated by targeting on mitotic progenitor cells in the dentate gyrus. The combined antidepressant-and anxiolytic-like effects of rolipram could benefit in the treatment of comorbid disorders of anxiety and depression, which are thought to share some common genetics (Kendler et al, 1992; Roy et al, 1995) .
